Introduction
Since their discovery in 2002, the mTOR complexes have attracted a tremendous interest. The mTOR complexes belong to the AGC family of kinases and control a diverse range of activities, including transcription, translation, ribosome biogenesis, nutrient transport, autophagy, and polarization of the actin cytoskeleton (1, 2) . Much attention had been focused on mTORC1 due to its involvement in cellular growth and proliferation and the availability of rapamycin, a highly specific inhibitor (2) (3) (4) . In the kidney, mTORC1 has recently been shown to regulate mitochondrial biogenesis and thereby control sensitivity to ischemic proximal tubular injury (5) . mTORC2 is a multiprotein complex consisting of at least 4 major subunits: the kinase mTOR, the rapamycin-insensitive companion of TOR (RICTOR), SIN1, and LST8. In addition, several other subunits, i.e., PROTOR, PRR5, and DEPTOR, have been identified, which can either modulate kinase activity directly or modulate its interaction with downstream targets (6) (7) (8) . To date, only insulin has been shown to be an upstream regulator of mTORC2, while AKT, serum-and glucocorticoidinducible kinase 1 (SGK1), and PKCs have been identified as downstream targets (9) (10) (11) . Due to the lack of an mTORC2-specific inhibitor and its widespread expression, conditional mice are key to understand the functional relevance of this kinase in a cellcontext-specific manner (12) (13) (14) (15) (16) (17) . Recent work has demonstrated that insulin together with aldosterone can stimulate mTORC2 to activate SGK1 by phosphorylating its hydrophobic motif at Ser422 (6, (18) (19) (20) . This phosphorylation subsequently enables 3-phosphoinositide-dependent kinase 1 (PDK1) to bind to SGK1 and activate its kinase domain by phosphorylating Thr256 (18, 20) . There is evidence that SKG1 plays an important role in mediating the stimulatory effect of aldosterone on the epithelial sodium channel (ENaC, also known as SCNN1) (21, 22) and that SGK1 may also be involved in stimulating the renal secretory K + channel ROMK (also known as KCNJ1) (23) as well as several other ion channels (24) . Interestingly, dysregulation of epithelial sodium absorption by inhibition of mTORC1 and mTORC2 was observed in cultured renal cortical collecting duct (CCD) cells (25) . Recently, an elegant pharmacological approach has been used to investigate the role of mTORC in regulating tubular ion transport in vivo. From studying effects of mTOR kinase inhibitors it was concluded that mTORC2 regulates tubular Na + uptake by promoting ENaC activity (26) .
However, the direct impact of mTORC2 on renal tubular Na + and K + transport in vivo remains to be determined. Here, we generated a mouse model lacking mTORC2 in the distal tubule and identified mTORC2 as a master regulator of distal tubular K + secretion.
Results
Distal tubular mTORC2 deletion does not cause any obvious clinical phenotype under physiological conditions. To study the potential role of mTORC2 for distal tubular electrolyte handling Ksp promoter-driven Cre mice were used to generate distal tubular Rictor deficiency ( Figure 1A and ref. 27 ). To demonstrate the effective-
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( Figure 2A and Table 1 ). Compared with that under control diet, the plasma aldosterone level was increased to a similar extent in animals of both genotypes under low-Na + diet ( Figure 2B and Table 1 ). Thus, under low-salt conditions, loss of mTORC2 did not seem to cause a significant dysfunction of Na + reabsorption in the aldosterone-sensitive distal nephron (ASDN). This raised the question of whether mTORC2 was more important to the process of facilitating renal K + secretion than to that of mediating Na + reabsorption, both of which are known to be intimately linked processes (30, 31) .
To address this question, mice were fed a diet with low-Na + and high-K + content. While control mice tolerated this diet, knockout animals rapidly lost nearly 24% of their body weight, exhibited reduced water intake, reduced urinary volume, and a dramatically increased serum urea of 262 ± 42 mg/dl ( Figure 2A and Table 1) . Despite excessively increased aldosterone levels (10,596 ± 416 pg/ml vs. 3,843 ± 389 pg/ml), these mice were unable to secrete excess K + , which led to life-threatening hyperkalemia of 7.6 ± 0.5 mM and lethality (7 of 12 mice) ( Figure 2 , B and C). This phenotype is quite different from previously published knockout mouse models targeting ENaC or its regulation in the ASDN. Constitutive deletion of β-ENaC led to perinatal death due to Na + loss and hyperkalemia, with a pseudohypoaldosteronism similar to that of mineralocorticoid receptor knockout animals, whereas mice with a CD-specific conditional knockout of α-ENaC were able to maintain Na + and K + homeostasis, even when challenged by Na + restriction or K + loading (32) (33) (34) . The latter finding indicates the importance of the early portion of the ASDN, i.e., the late distal convoluted tubule and connecting tubule, for the maintenance of Na + and K + balance (35) .
Increasing amounts of dietary Na + diminished the K + excretory defect of Rictor knockout mice, presumably due to an increase in ENaC-mediated sodium transport that results in an increased Figure 1 , G-Q). However, Rictor fl/fl Ksp-Cre mice maintained on a control diet had higher plasma aldosterone levels (882 ± 159 pg/ml) than control animals (386 ± 55 pg/ml) ( Table 1 and Figure 2B ). This suggests that Rictor fl/fl Ksp-Cre mice compensate an impaired Na + and/or K + handling in the distal tubule by increasing plasma aldosterone.
mTORC2 is a key survival factor in response to electrolyte challenges. Aldosterone is either secreted during volume contraction when Na + reabsorption has to be increased or to facilitate K + elimination during hyperkalemia. A low-Na + diet is the standard physiologic test to determine whether aldosterone-mediated Na + absorption is impaired (28, 29) . Rictor fl/fl Ksp-Cre and control mice given a low-Na + diet with normal K + content showed similar changes in body weight, urinary output, urinary Na + or K + excretion, and serum urea, even after prolonged intervention (14 days) ment with furosemide (183 ± 20 mg/dl) and hydrochlorothiazide (HCT) (108 ± 14 mg/dl) ( Table 2 ). In the case of furosemide, we could additionally detect an increased urinary sodium excretion, which, like triamterene or low-Na + /high-K + diet, might contribute to volume contraction and prerenal azotemia ( Table 2) .
Extracellular potassium levels influence mTORC2 expression. To unravel the molecular pathways involved in mTORC2-mediated regulation of K + handling, we studied the upstream and downstream molecules of mTORC2 action in distal tubular epithelial cells. Using RICTOR-specific antibodies, we could barely detect a RICTOR signal under basal conditions by immunofluorescence of kidney sections or by Western blot analysis of kidney lysates ( Figure 3 , A-F, M, and N). This changed dramatically when we analyzed mice treated with triamterene for 5 days. Using immunofluorescence we could detect a major upregulation of RICTOR in distal tubules and peritubular cells in control animals, while the tubular upregulation was absent in Rictor fl/fl Ksp-Cre animals ( Figure 2C ). However, plasma aldosterone levels remained significantly elevated under a high-Na + /high-K + diet in knockout animals ( Table 1 and Figure 2B ). Together, these data reveal an overall impaired ability to secrete K + in mTORC2-deficient mice, which can be compensated under physiological conditions by elevated aldosterone levels or partially alleviated by increased distal Na + delivery.
Based on RICTOR localization, the Ksp-Cre expression pattern, and the results of the dietary interventions, we postulated that the impaired tubular segment in Rictor fl/fl Ksp-Cre mice is indeed the ASDN. We hypothesized that by giving the mice an ENaCinhibiting diuretic, we would see similar differences between the genotypes. In fact, when triamterene was given orally over 5 days, Rictor fl/fl Ksp-Cre mice lost nearly 15% of body weight and showed reduced food intake, increased urinary sodium loss, and life-threatening hyperkalemia of 9.8 ± 0.5 mM, despite approximately 7-fold increased plasma aldosterone levels of 8,551 ± 235 pg/ml (Figure 2 , D-F, and Table 2 ). In addition, Rictor fl/fl Ksp-Cre animals developed acute renal failure, with a plasma urea of 235 ± 18 mg/dl, a finding that at lower levels was also seen after treat- ( Figure 5, A, B , E, F, I, J, M, and N). As expected, ROMK expression in TAL segments was indistinguishable between genotypes ( Figure  5 ). Together, these data underline the functional role of mTORC2mediated hydrophobic motif phosphorylation of SGK1 and PKCα to stimulate kaliuresis via ROMK. Next, we studied whether genetic interference with mTORC2 also impairs the regulation of ENaC expression. In both Rictordeficient animals as well as control animals, we detected a shift of α-, β-, and γ-ENaC (also known as SCNN1a, SCNN1b, and SCNN1g) from a predominant intracellular localization in untreated animals to the apical membrane following low-sodium (LS), LS/high-potassium (LS/HK), and triamterene treatment (Supplemental Figure 3 Figure 6 , A-L). Qualitatively, the fluorescence signal for the 3 ENaC subunits did not seem to differ between control and Rictor-deficient animals. Together, these data indicate that both ENaC translocation to the apical membrane and overall expression were not substantially impaired by mTORC2 deficiency.
mTORC2 is required to enable a barium-sensitive apical K + conductance. To further functionally dissect the downstream effects of mTORC2 deficiency, we performed patch-clamp experiments on split-open tubular segments from the transition zone of the late connecting tubule and early CCD (CNT/CCD) from control and Rictor-deficient mice. ENaC activity was measured by deter-revealed that raising K + in the medium increased RICTOR protein expression in a time-and concentration-dependent manner (Supplemental Figure 2 , A-E). This suggests a positive feedback loop of potassium concentration regulating RICTOR/mTORC2 expression, with subsequent RICTOR/mTORC2-dependent stimulation of potassium excretion. mTORC2 regulates ROMK expression and membrane localization via SGK1 and PKCα. Next, we searched for mTORC2 downstream effectors. Previous work has identified mTORC2 as the hydrophobic motif kinase of other AGC kinases, i.e., SGK1, or PKCα. Phosphorylation of the hydrophobic motif enables kinases like PDK1 to bind to SGK1 or PKCα and to phosphorylate the respective kinase domain, which finally activates the aforementioned kinases. In fact, PKCα has been shown to increase membrane insertion of ROMK (36) . SGK1 seems to increase K + secretion by influencing ROMK activity (23, 24) and by increasing the lumen-negative driving force for K + ions through enhanced Na + reabsorption via ENaC (30, 31) . In line with these previous observations, control animals showed a marked phosphorylation of SGK1 at Ser422 and PKCα at Thr657, while these phosphorylation events were absent in Rictor-deficient animals (Figure 4 ). In agreement with the impaired SGK1 and PKCα phosphorylation in Rictor-deficient animals, apical membrane localization of ROMK was nearly absent in Rictor fl/fl Ksp-Cre animals ( Figure 5, C at the single-cell level. Our patch-clamp data therefore suggest that, by increasing plasma aldosterone levels, Rictor fl/fl Ksp-Cre mice maintain normal ENaC activity in the CNT/CCD, whereas ROMK activity is largely reduced in the majority of cells. The compensatory increase of ROMK activity in a minority of cells may explain why the knockout animals can maintain a potassium balance unless challenged with a high-K + diet. An anticipated compensatory mechanism during hyperkalemic states is reduced activity of Na-Cl cotransporter (NCC, also known as SCL12A3) induced by dephosphorylation. Indeed, we could detect reduced phosphorylation of NCC at Thr58 under hyperkalemic conditions in LS/HK-and triamterene-treated knockout animals (Supplemental Figure  3 Figure 6A ) and by the summary data ( Figure 6B ), ΔI amil values were similar in control and Rictor fl/fl Ksp-Cre animals. To assess apical K + conductance, outside-out patches were excised, and the effect of Ba 2+ , a known inhibitor of K + channels, including ROMK, was determined. As illustrated by the 2 representative recordings shown in Figure 6C , the Ba 2+ -sensitive currents (ΔI Ba ) were usually much larger in control mice than in knockout animals. In some outside-out patches, single-channel activity typical for ROMK could be resolved (Supplemental Figure 7 , A-C). Importantly, in 8 of 10 outside-out patches from Rictor fl/fl Ksp-Cre mice, ΔI Ba was barely detectable or was even absent ( Figure 6D ). However, in 2 patches very large ΔI Ba values (105 and 514 pA) were observed in Rictor fl/fl Ksp-Cre mice ( Figure 6D ). This latter finding may reflect a lack of Rictor knockout caused by nonrecombination Arithmetic mean ± SEM. A P < 0.05, B P < 0.001, C P < 0.01, ANOVA. to be the main K + secretory pathway of the distal tubule in the resting state, α-Ca-activated K channel (α-BK, also known as KCNMA1) becomes more important under high urinary flow or increased distal tubular Na + delivery (37) . We therefore investigated the expression of the α-BK subunit as a In summary, we have shown, on both a cellular as well as a whole-animal level, that Rictor fl/fl Ksp-Cre mice have a severe distal tubular K + secretory defect, which is mainly due to a reduced membrane expression and function of ROMK.
Discussion mTOR kinases regulate a variety of cellular functions, such as autophagy, transcription, protein translation, cell renewal, cell growth, metabolism, and stress response (3, 38) . Recent findings indicate that dysregulation of mTOR contributes to some of the most common kidney diseases, like polycystic kidney disease and diabetic nephropathy. Therefore, mTOR is of major interest in light of its potential as a therapeutic target. However, clinical applications of mTOR inhibitors have been of limited success, in part due to an incomplete understanding of the complexity of mTOR function and regulation in vivo (3, 4) . Thus, the precise dissection of the two distinct mTOR complexes at the in vivo cellular level will be essential to gain insight into the signaling pathways they regulate and to predict the likely outcome following their inhibition. Here, we combined tubulus-specific transgenic mouse models, metabolic monitoring, primary cultured transgenic tubule cells, and split-open tubular patch-clamp experiments to highlight an unexpected vital role of mTORC2 as a direct regulator of distal tubular K + secretion.
Recent studies have suggested a role for mTOR signaling in tubular Na + and K + handling (20, 25, 26, 39) . Genetic deletion of TSC1 (which encodes tuberous sclerosis complex protein 1), with ensuing constitutive activation of mTORC1 in CDs, was associated with hyperkalemia (39). However, it was not possible to delineate whether defective electrolyte handling was due to tubular dedifferentiation or primary changes in ion transport. Another recent in vivo-based study using structurally distinct competitive mTOR kinase inhibitors (PP242 and AZD8055) reported significant natriuresis but not kaliuresis (26) . In contrast to our findings, these data suggest that mTOR, probably through mTORC2, preferentially regulates ENaC function rather than the associated K + secretory pathway ROMK (26) . Indeed, it was reported that PP242 substantially inhibited Distal tubular K + secretion is mediated through two main channels: principal cell ROMK and intercalated cell BK channels (37) . While ROMK is tightly regulated by K + intake-dependent aldosterone increase, BK is very sensitive to increases in urinary flow; both of these mechanisms lead to stimulation of K + secretion. Rictor fl/fl Ksp-Cre mice present with virtually absent ROMK-attributable K + currents in split-open tubules, severely reduced ROMK immunoreactivity in CCD tubular sections, and hyperkalemia upon increased K + intake. Interestingly, this phenotype could be rescued by increases in Na + intake, leading to a significantly enhanced urinary flow. Reduced phosphorylation of NCC at Thr58, and hence reduced Na + uptake in the DCT and increased Na + delivery to the CNT/CCD, additionally supports this compensatory mechanism (40) . One might expect that reduced ROMK expression leads to upregulation of BK expression. However, we found reduced expression of the α-BK subunit under both LS/HK and triamterene, which might functionally limit this flow-induced K + secretory pathway. Hence, this may contribute to the decompensation of Rictor fl/fl Ksp-Cre mice under high-K + conditions. Whether the observed reduction Na + currents in isolated perfused CCDs but had no effect on ROMK-mediated currents. Yet, our findings clearly demonstrate that mTORC2 deficiency dramatically reduces ROMK activity, while ENaC activity is only mildly impaired. While Gleason et al. used an acute pharmacological approach in mice and rats on diverse backgrounds (26), our genetic experiments were carried out on mice with a pure C57BL/6NCrl background using Ksp promoter-driven Cre expression. Due to the early onset of Cre expression at E12.5, chronic compensatory mechanisms may contribute to the observed phenotype and need to be considered. Indeed, the increased plasma aldosterone levels in our mTORC2-knockout animals maintained on a standard salt diet may be interpreted as a compensatory mechanism for a reduced baseline ENaC activity in these animals. Thus, a 2.5-fold increased aldosterone concentration appears to be needed for normal expression levels of ENaC subunits at the apical membrane and normal ENaC-mediated whole-cell currents observed in mTORC2-knockout mice. This interpretation is consistent with the conclusion of Gleason et al. that mTORC2 is relevant to maintain ENaC activity (26) . 
